Wax precipitation for gas condensate fluids was studied in detail with a thermodynamic model. It was found that the precipitated wax phase can exhibit retrograde phenomena similar to that in gas condensates. As a result of pressure decrease (at a constant temperature), the amount of precipitated wax may first increase, then decrease, then increase again.
Introduction
Wax deposition from gas and oil production facilities and pipelines is undesirable. The flowlines may be plugged by wax deposition. For both crude oils and gas condensates, one may encounter wax precipitation at temperatures as high as 150°F. While wax precipitation from crudes has been studied extensively, precipitation from gas condensates is not generally well recognized. A reliable model for wax precipitation calculations is highly valued for design and operation of flowlines. Currently, there are two types of models that can be used to perform wax-precipitation calculations. In one model, it is assumed that the precipitated wax is a solid solution; in the other, it is assumed that the precipitated phase consists of multisolid phases. One purpose of this work is to examine the difference between these two models.
Wax precipitation from gas condensate fluids may have some unique features. The most interesting feature may relate to retrograde phenomena for the precipitated solid phase. As a result of pressure drop at a constant temperature, wax may form, then vaporize or become a liquid with continued pressure decrease. One of the main objectives of this work is to study retrograde phenomena for the precipitated wax phase.
There are some basic differences between wax precipitation from gas condensates and wax precipitation from crudes. The pressure effect on wax precipitation from petroleum liquids increases the wax appearance temperature or the cloud-point temperature (CPT). 1 For gas condensate systems, it may have an opposite effect. 2 Another goal of this work is to study the pressure effect and its significance in gas condensate systems in more detail. Wax can also precipitate before liquid condensation. Therefore, if the wax precipitation is ignored, the dewpoint pressure, calculated with an equation of state (EOS), will be incorrect.
It is known that solids may have several different transitions, but it is not known how these phase transitions affect wax precipitation in gas condensates. We plan to include different phase transitions on wax precipitation calculations in this work. The solid-state transitions and modifications of the wax-precipitation model for the Poynting effect are included in this study.
In this work, we will first briefly review the wax-precipitation model and propose new correlations for some of its parameters. The revised model is used for predicting gas-solid behavior in binary mixtures of methane-and carbon dioxide-heavy alkanes. We next discuss the retrograde phenomenon for the wax phase in gas condensate systems, followed by the effect of pressure on wax precipitation. The comparison of solid solution (SS) and multisolid (MS) models is then made. Several conclusions are drawn from the work.
Modified Formulation of the Multisolid Wax Model
Pan et al. 1 modified the MS wax model of Lira-Galeana et al. 3 by dividing each heavy fraction into paraffins, naphthenes, and aromatics. For the distribution of species in a pseudocomponent, the definition introduced in Ref. 1 is adopted.
The following expression allows the fugacity of a pure solid component Firoozabadi 2 provides the derivation of Eq. 1 without the solidstate transitions. The last term on the right side of Eq. 1 (i.e., the Poynting correction term) can be written as follows.
The solid phase is assumed to be incompressible, and the liquidphase molar volume is evaluated at (p+p i f )/2 or assumed to be constant with pressure; this is a reasonable approximation because for a given temperature, the relative difference in the liquid molar volumes is usually a few percent over a wide pressure range.
The second term in the right side of Eq. 1 is approximated by 
The use of the two first terms in the right side of Eq. 6, instead of (
tr , may result in a relative difference of up to 10%; DH i tr is the first solid-state transition enthalpy.
Fusion Properties. Use of Eq. 6 requires the melting-point temperature, the solid-state transition temperatures, the enthalpy of fusion, the solid-state transition enthalpies, and the heat capacity of fusion.
Fusion properties of n-alkanes with odd and even carbon numbers are different. [4] [5] [6] [7] This difference is essentially caused by steric effects from the rearrangement of atoms in the molecules. The n-alkane molecules tend to rotate around their longitudinal axes at temperatures below their melting points and undergo solid-state transitions caused by the onset of free rotation in the lattice structure. The solid-state transition temperature of even-number n-alkanes is closer to their melting point than odd-number n-alkanes. The lattice transition of n-alkanes is accompanied by the release of transitional heat. Similar to the solid-state transition temperature, the even-number homologues have higher latent heat than the odd-number homologues. 5 The heat of solid-state transition is higher for odd-number alkanes than for even-number ones. The contribution of DH i tr to the total enthalpy change may have a significant influence on the model results.
The melting-point temperature of normal alkanes is estimated from the following correlation proposed by Won.
For the first solid-state transition temperature, we propose the following correlation.
This correlation is obtained by fitting T i1 tr data from Ref. 7 for n-alkanes ranging from C 8 to C 36 to an equation with the same form as Won's correlation. 8 In Eqs. 7 and 8, T is in K, and M is the molecular weight.
Data and correlations for the melting and the first solid-state transition temperatures are plotted in Fig. 1 .
For the melting-point temperature of naphthenes, isoparaffins, and aromatics, we use the correlation of Lira-Galeana et al. 2 
Won
8 also provides a correlation for the average enthalpy of fusion of normal alkanes, assuming that DH i t equals DH i f plus onehalf of the first solid-state transition DH i tr . For the enthalpies of fusion and the solid-state transition of normal-alkanes, the following correlations are proposed for M i >282 kg/Kmol (see Fig. 2 ). For M i <282 kg/Kmol, we express the total enthalpy (fusion + transition) by (see Fig. 3 ) For the fusion enthalpies of naphthenes, isoparaffins, and aromatics, we use the correlations of Lira-Galeana et al. 3 and Pan et al., 1 respectively. The heat capacity of fusion is estimated with the correlation proposed by Pedersen et al.
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The Poynting Correction Term. The molar volume of the liquid phase for a heavy hydrocarbon is underestimated when the twoconstant Peng-Robinson 10 cubic EOS is used. A key element to take into account in expressing the Poynting correction term is an accurate representation of the molar volume. For normal alkanes, where Z RA =the Rackett compressibility factor. 12 This correlation has been found to provide a good estimate of the liquid molar volume for normal alkanes to C 29 . 13 The saturated liquid volumes are extrapolated in the subcooled liquid region.
The Rackett compressibility factor is correlated with the critical volume by a simple correlation proposed by Rogalski and Neau, 14 as given in Ref. 15 . (13) where Z b =0.00632518, 0.00605966, and 0.00658328 for normalalkanes, naphthenes, and aromatics, respectively; v ci =the critical volume in cm 3 /mol. The solid phase is assumed to be incompressible. The mass density of solid normal alkanes from hexadecane to hexatriacontane is expressed as a function of molecular weight with data from Ref. 4 (14) and the density correlations given by Riazi and Al-Shahaff 16 are used for the N and A species. In Eq. 14, r i S is in kg/m 3 . The critical properties and acentric factors for pseudocomponents as well as the binary interaction coefficients, unless stated otherwise, are estimated as suggested in Ref. 1 .
Direct Minimization of Gibbs Free Energy.
For the vapor-liquidsolid (VLS) phase equilibrium calculations, the simulated annealing (SA) algorithm [17] [18] [19] is applied to find the global minimum of the Gibbs free energy. The method was used by Pan and Firoozabadi 20 to model wax precipitation and proved to be a reliable tool for complex phase-equilibrium problems.
Results
Various hydrocarbon and hydrocarbon-nonhydrocarbon mixtures were studied at the conditions of precipitation in this work. We first calculated the solubility of heavy normal-alkanes in methane and carbon dioxide. The wax precipitation from three synthetic gas condensate mixtures at high pressures was then studied. We also studied wax precipitation from two reservoir crudes with the MS and SS models.
Binary Systems. The prediction of solubility behavior of heavy hydrocarbon solids in gases presents a challenge because of the difficulty in adequately describing the interactions between molecules with large size differences. While a precise determination of the solubility of solids in mixtures requires detailed consideration of numerous complex effects, a number of general aspects of the problem can be easily displayed and understood with a two-component model.
Considerable experimental solubility data are available for solids in supercritical carbon dioxide. However, data on the solubility of heavy hydrocarbons in light hydrocarbons, such as methane, are limited. The binary systems were studied in the pressure and temperature region of interest for gas condensate processing and transport.
Methane-Normal-Alkanes. Teja and Eckert 21 provide solubility data of heavy normal alkanes, ranging from eicosane to hexatriacontane, for temperatures between 298 and 338K at three different pressures-180, 200, and 240 bar. Fig. 5 shows the experimental and calculated solubilities of nC 24 , nC 28 , and nC 36 in methane as a function of pressure at different temperatures. The solubility results are expressed in mole fraction of the heavy alkane in methane. The agreement between experimental data and calculated results is good in most cases. Note that the solubility of a heavy normal alkane, such as nC 36 , in methane is very low-of the order of 10 -7 to 10 -11 mole fraction. The Poynting effect as well as the term corresponding to the enthalpies of solid-state transition were included in the model used to perform calculations. For the pressure range studied, the Poynting effect seems to have little effect on the results. However, (12) ( ) 36 as will be seen later, this effect becomes important at high pressures for some methane-normal alkane binaries as well as for multicomponent systems.
Ref. 1 discusses the importance of binary interaction coefficients in wax-precipitation calculations, and Ref. 2 provides their definition. In this work, the binary interaction coefficient (k 1j ) of methane with each n-alkane was modified to match the experimental data. The observed trend is that an increase in k 1j causes the solubility to decrease. The k 1j giving the best fit was correlated with the molecular weight as follows.
These values are slightly different from the correlation obtained from liquid-vapor binary data given by Arbabi and Firoozabadi. 22 The correlation given in Eq. 15 will be used for describing the interaction of methane with heavy components (N c >20) in natural multicomponent systems. For normal-alkanes lighter than nC 20 , the correlation from Ref. 1 was used.
Experimental data are available for the VLS locus of methanehexatriacontane binaries. 23 The VLS locus for varying compositions was determined at pressures and temperatures of the three-phase coexistence points. Fig. 6 presents the data and the results obtained by our model. The model reproduces the experimental data within 1K for the given pressure range.
Carbon Dioxide-Normal-Alkanes. Reverchon et al. 24 report the solubility of octacosane (nC 28 ) and hexatriacontane (nC 36 ) in carbon dioxide at 308, 313, and 318K for pressures ranging from 80 to 275 bar. Yau and Tsai 25 provide solubility data of tetracosane (nC 24 ), dotriacontane (nC 32 ), and hexatriacontane (nC 36 ) in carbon dioxide at 318.2, 328.2, and 338.2K and at pressures of up to 209 bar. Results are given in Fig. 7 for the solubility in supercritical CO 2 for nC 28 and nC 36 .
The model predictions are in the same range as the data except for nC 36 26 The contribution of the Poynting effect is important in the calculations presented in Fig. 7 ; without this effect, the calculated results differ significantly from the data (one or two logarithmic cycles). The binary interaction coefficient of approximately 0.11 was found to give a better match for components from eicosane to hexatriacontane. This value was used instead of the default value of 0.12. 1 Synthetic Gas Condensates. For crude oils, the literature provides ample experimental data for wax precipitation. For gas condensates, the work of Ungerer et al. 27 seems to be the main source of data. We first present the calculated phase diagrams of three synthetic fluids, known as synthetic hyperbaric fluids (SHF), showing the gas-liquid and gas-solid (GL/GS) phase boundaries as well as the gas-liquid-solid/gas-solid (GLS/GS)and gas-liquid-solid/gasliquid (GLS/GL) phase boundaries. We then focus on the influence of pressure on the CPT, of the precipitation on the three-phase dewpoint pressure (i.e., the dewpoint pressure in the presence of a solid phase), and of solid precipitation at a constant temperature. The retrograde behavior of the precipitated solid is also discussed. To the best of our knowledge, the retrograde behavior of the precipitated solid phase from gas condensates during isothermal expansion has not been previously reported in the literature. Table 1 presents the composition of the four synthetic mixtures studied by Ungerer et al. 27 These mixtures are quite similar in composition and were obtained by adding different amounts of heavy hydrocarbons to a reference synthetic mixture (SHF2), the composition of which was inspired by a real reservoir fluid. For the first mixture (SHF1), an aromatic compound was added (phenanthrene). For the other two mixtures (SHF3 and SHF4), the composition mainly differs in the content of the heavy component (hexatriacontane). Fluid mixture SHF4 has three times more nC 36 (expressed in mole percent) than Fluid SHF3.
For nC 36 , the critical properties and acentric factor were estimated with the Riazi and Al Sahhaf correlations. 16 Fusion and solid-state transition properties were estimated from the correlations presented earlier. For phenanthrene, the crititical properties and acentric factor from Ref. 27 were adopted as well as the fusion properties from Ref. 28 .
The binary interaction coefficients were assigned as previously stated, except that of methane with the heavy hydrocarbon, which was adjusted to match the two-phase dewpoint pressure at one temperature near the gas-solid phase boundary for each mixture. We also used a conventional two-phase gas-liquid model to calculate the two-phase dewpoint pressure.
Phase diagrams of Fluids SHF1, SHF3, and SHF4 are presented in Fig. 8 . Dotted lines represent the calculated two-phase dewpoint, neglecting the formation of the solid phase. The predictions are in excellent agreement with data for gas/gas-solid (G/GS) and GS/GLS phase transitions for SHF3 and SHF4. For SHF1, there is good agreement for the G/GS phase transition, but the three-phase dewpoint is overestimated by the model. Two-phase dewpoint pressures are underestimated at high temperatures for SHF3 and SHF4 and slightly overestimated for SHF1. In the region of the three-phase dewpoint pressure, the calculated two-phase dewpoint (which neglects the solid phase) is considerably different from the calculated three-phase dewpoint (see the dotted lines in Figs. 8a and 8c) . Note that for SHF4, there is a sharp break in the calculated two-phase dewpoint away from the calculated three-phase dewpoint.
The binary interaction coefficients between methane and phenanthrene and nC 36 are 0.1 for SHF1 and 0.107 for SHF3, respectively. For SHF4, we did not attempt to match the first four data points near the G/GLS point (see Fig. 8c ). Ungerer et al. 27 suspected that an experimental artifact may have affected these data. We matched the dewpoint pressure of 536 bar at T=343K for SHF4. A binary interaction coefficient of 0.096 for methane and hexatriacontane gives the best fit.
The Poynting correction term, which can usually be neglected at low pressures, becomes very important at high pressures, which is the case for the synthetic systems. If the Poynting effect is neglected, the model underestimates the CPT for all three mixtures.
As expected, only the heavy hydrocarbon component (phenanthrene or hexatriacontane) precipitates. For Fluid SHF4, the variation of the amount of precipitated solid and the molar fraction of the liquid and vapor phases at p=400 bar are illustrated in Fig. 9 . A narrow three-phase region from 328 to 333K exists at this pressure. Experimental data for liquid dropout are available at T=423.15K. The two-phase gas-liquid equilibrium calculations were performed with the conventional gas-liquid model. The agreement is poor between the data and the calculated results; the model overestimates the condensate dropout. No attempt was made to improve these values. For this system, similar results were obtained in Ref 27 . Difficulties in matching the liquid dropout for this mixture, even by fine tuning, was also reported by Stamataki et al.
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Pressure Effect. Inspection of Fig. 8a reveals that for the G/GS transition plot for SHF1, the CPT decreases when pressure increases, while for the GL/GLS transition, the CPT increases with increasing pressure. For Fluids SHF3 and SHF4, the pressure effect on the CPT in the G/GS region is small, but the CPT increases with pressure in the GL/GLS region, although at a much weaker rate than in SHF1. (For SHF3, the slope is also negative with a very high slope. For SHF4, this slope is negative but becomes positive at higher pressures, again with a very high slope.)
Retrograde Behavior of the Precipitated Solid Phase. The retrograde solid behavior may imply the increase in the amount of the precipitated solids with decreasing pressure at a constant temperature. Figs. 10 and 11 show the calculated isothermal expansion of Fluids SHF3 and SHF4, respectively.
For Fluid SHF3, during the initial isothermal expansion at 320K (see Fig. 10a ) in the gas-solid region, the amount of precipitated solid increases, reaching a maximum at the three-phase dewpoint. Below the three-phase dewpoint pressure, the amount of solid begins to decrease; it reaches a minimum, then increases again. At T=326K, below the three-phase dewpoint pressure of 380 bar, the amount of precipitated solid decreases faster (see Fig.  10b ). In the pressure range of 235 to 130 bar, there is no solid precipitation. However, below 130 bar, the solid phase appears again and increases with decreasing pressure.
Fluid SHF4 contains a high concentration of nC 36 , and we expect the amount of precipitated solid to be higher than in SHF3. As Fig. 11a shows, the amount of the precipitated solid decreases from approximately 13 (at the three-phase dewpoint) to 3 wt% (at p=185 bar) at T=330K. With a further pressure decrease, the precipitation increases at an increasing rate to more than 15 wt% at atmospheric pressure. We have plotted the vapor and liquid mole fractions of nC 36 at T=330K in Fig. 11b . Above the three-phase dewpoint pressure (408 bar), the vapor-phase mole fraction slowly decreases as the nC 36 precipitates. Just below the dewpoint pressure, the vapor mole fraction decreases at a more pronounced rate (some nC 36 goes from vapor to liquid phase). One can note a significant increase in the liquid mole fraction just below the dewpoint. This feature is not only the result of the onset of retrograde condensation, but is also caused by the nC 36 transfer from solid to liquid phase.
The MS vs. SS Model.
In this section, we examine the difference between the MS and SS models. An ideal SS model is used in this work. Synthetic Fluids. Pauly et al. 30 provide measurements performed at atmospheric pressure on three synthetic mixtures (A, B, and C) that contain normal-decane and various amounts of heavy normal-alkanes from octadecane to triacontane. The compositions are provided in Table 2 . They also compare the MS and different SS models. Fig. 12 presents the experimental data and the predicted solid precipitation with both the MS and SS approaches. The MS model gives good estimation of the CPT, while the SS model overestimates the CPT. There is a systematic trend in the amount of precipitated wax; the MS model underestimates, while the SS model overestimates the wax amount. Similar conclusions were drawn by Pauly et al. 30 This example shows that even for the hydrocarbon systems, for which the SS model is more realistic from a physical point of view (i.e., the mixture contains consecutive homologues of the n-alkanes which may form a stable solid solutions), the MS model gives comparable or better results.
Crude Oils. Here, pseudocomponents are used for characterizing the heavy fractions. Let us consider the following characterization procedure; the pseudocomponents are obtained by lumping several fractions. The difference between the carbon numbers of two consecutive pseudocomponents exceeds the chain-length difference in such a way that the precipitated solid phase becomes unstable and segregates into several solid phases 31 (predominantly pure components 32 ). The composition of two crude oils, namely Oils 2 and 3 from Ref. 1 (stock-tank as well as reservoir fluid), is given in Table 3 . Characterization of the plus fraction is also taken from Ref. 1 . For these two crudes, experimental CPTs are available for 1 bar and at two high pressures. The experimental amount of precipitated wax at p=1 bar is available for both crudes. Fig. 13 shows the experimental and calculated amount of precipitated wax at p=1 bar and the calculated results at p=120 bar for Oil 2. Calculations at p=1 bar are performed with both the MS and SS models (see Fig. 13a 
Discussion
The solubility of heavy normal alkanes in methane increases with pressure (see Fig. 5 ). On the other hand, the solubility of heavy normal-alkanes in liquid hydrocarbon solvents may decrease. 33 For wax precipitation from liquid mixtures, both experimental and calculated results 1 show the increase of the CPT with pressure. Such a trend may reverse at high pressures. An example is given by Walas 34 for the solubility of hexadecane, naphthalene, and phenanthrene in propane at 400K. Calculations were performed with the virial B-truncated EOS. That example stresses the reversal of the trend of solubility variation with pressure; an initial fall in solubility is predicted, followed by a substantial rise with pressure.
The effect of pressure on the CPT is related to the solubility of the first precipitating component in the fluid, 2 which is expected to be the heaviest normal paraffin in the mixture. For example, if the amount of solid decreases (i.e, the solubility increases) with increasing pressure at a constant temperature, the CPT will also decrease with pressure. The solubility of a solute component in the gas phase is given by the following relation. 2, 34 where the superscript sat=the saturation, and =the fugacity coefficient of component i in the gas mixture.
The pressure term in the denominator of Eq. 16 is usually dominant over the Poynting correction term, but the fugacity coefficient of the solute in the mixture may fall sharply with increasing pressure, leading to the increase of its solubility. This is usually the case for gases at high pressures.
The solubility can be expressed alternatively by where F(T)=a temperature-dependent parameter. Eq. 17 is derived by assuming that (1) the solid phase is incompressible and has a negligible vapor pressure, (2) the liquid-phase molar volume is constant, and (3) the supercritical component is not soluble in the solid phase. The variation of solubility with pressure at a constant temperature depends on whether the argument of the exponential (always negative) or the pressure-dependent term at the denominator is dominant.
Usually (but not always), the combination of these terms gives increased solubility in gases with pressure. For a multicomponent mixture, an even more complex superposition of different effects is expected.
Ungerer et al. 27 found that a negative slope of the CPT seems characteristic for solid precipitation from gas condensates at high pressures. They cite Van der Kooi et al., 35 
1. When temperature decreases at a constant pressure less than the pressure of the three-phase GLS coexistence curve, the binary C 1 /nC 20 mixture exhibits gas-solid transitions below a certain nC 20 mole fraction and liquid-solid transitions above a certain nC 20 mole fraction.
2. For dewpoint systems, the slope of the gas-solid phase boundary (of the CPT as a function of temperature) is negative for a small nC 20 mole fraction. Above a certain value of nC 20 mole fraction, the slope of the GS phase-transition boundary becomes positive.
3. For all bubblepoint systems that exhibit liquid-solid transitions, the CPT locus has a positive slope (with respect to temperature). Fig. 15 depicts the phase diagram of the binary mixture methane-normal eicosane for a nC 20 mole fraction of 0.04. The binary interaction coefficient was adjusted to match the dewpoint pressure at T=308K (k 12 =0.058). The model results for the CPT are in good agreement (within 2K) with data. The model predicts a positive slope of the CPT locus for this dewpoint system. Ignoring the Poynting effect for this system leads to CPT underestimation of more than 10K at high pressures, which is where the G/GS phase transition occurs.
Ungerer et al. 27 present the phase diagrams of two real highpressure reservoir fluids. It is interesting to note that the shape of phase envelopes for these reservoir fluids is similar to the pressuretemperature (PT) projections for binaries C 1 -normal-alkanes (N c ³16) for a Type III phase behavior, according to the classification of Van Koninenburg and Scott. 36 The qualitative shape of the isopleths of such systems for two different values of nC 20 mole fraction (given in Fig. 3 A trend similar to retrograde solid behavior in the three-phase GLS region is expected in the GS region at high pressures when the CPT locus has a positive slope. This was the case with the C 1 /nC 20 system and for SHF4 at high pressures.
We find the following effect of pressure on CPT: for wax precipitation from natural hydrocarbon systems, the CPT increases with pressure for crude oils but often decreases for gas and gas condensate systems. However, a weak increase of the CPT with pressure might occur for some gas condensates. Conclusions 1. The modified model reproduces the solubility of heavy normalalkanes in methane and carbon dioxide. Good agreement with experimental data was obtained for three synthetic mixtures. 2. The amount of precipitated wax shows the interesting phenomenon of retrograde behavior in gas condensates, which is similar to retrograde phenomena in gas-liquid systems. As pressure decreases, one may first observe an increase in the amount of wax, then a decrease, and an increase again in wax in the threephase wax-liquid-gas mixture. 3. For wax precipitation from natural hydrocarbon systems, the CPT increases with pressure for crude oils but often decreases for gas and gas condensate systems. However, a weak increase of the CPT with pressure might occur in some gas condensates. 4. In some gas condensate systems, wax may precipitate before liquid formation. For such systems, two-and three-phase dewpoints can be substantially different.
As a concluding remark, we believe that the modified model presented in this work can reliably predict the onset of wax precipitation and the amount of the precipitation from gas condensates once composition, pressure, and temperatures are provided. Nomenclature 
